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論文内容要約 
Fluid machineries are seriously damaged and eroded if the liquid droplets, water jets, rain, oil and so on repeatedly impinge 
on a material surface at high-speed. For example, this erosion of high-speed liquid droplet impingement occurs in the last stage 
blades of steam turbine which are operated at high rotation in saturated steam, the wings of aircrafts which fly in the rain at 
high speed and recently the pipe wall of steam pipe systems which have high-speed steam flow and so on. It is important that 
these problems of liquid droplet impingement erosion are solved for safe operation of fluid machineries.  
In this study, by using an in-house fluid/material two-way coupled numerical method which considers reflection and 
transmission on the fluid/material interface, high-speed liquid droplet impingement is simulated. The mechanisms of effect of 
high-speed liquid droplet impingement on a material are clarified by numerical analysis. In this study, the locally homogeneous 
model of compressible gas-liquid two-phase medium is used for the simulation of droplet impingement of the gas-liquid 
interface capture of droplet. In addition, because the compressibility of two-phase flow is considered by this model, the 
propagation of pressure waves which occurs by a droplet impingement can be also captured inside the droplet. The governing 
equations are the 3D compressible gas-liquid two-phase Navier-Stokes equations. For the simulation of stress wave 
propagation in material, the governing equations composed of the equation of motion and the time-differential constitutive 
equations of homogeneous isotropic elastic medium are simultaneously solved. The material deformation and density change 
are neglected. The cell centered finite volume formulation is used to discretize the governing equations of both fluid and 
material. The convective term is estimated AUSM type scheme with interpolation by using the 3rd-order MUSCL-TVD 
method with a minmod limiter. The 4th-order Runge-Kutta method is used for the time integration. The algorithm of two-way 
coupling method in fluid/material interface is applied as follows: Fluid surface pressure and normal stress of vertical direction 
on material surface are obtained by considering reflection and transmission of pressure and stress waves with acoustic 
impedance. Non slip condition is adopted on fluid/material surface, where vertical speed has minimal values which are 
obtained by considering reflection and transmission, and tangential speed of fluid has the same minimal speed of material 
which is calculated by material analysis. The mechanisms of interaction phenomenon between the pressure wave inside a 
droplet and the stress wave in elastic material is analyzed. By using this present numerical analysis method, the characteristic 
phenomena of single droplet impingement on flat material surface such as the generation of high-pressure area by the contact 
edges, the side jets along material surface and the generation of cavitation can be reproduced.  
There are the various fluid/material factors of liquid droplet impingement. Firstly, the influence of droplet impingement 
velocity, droplet diameter and the shape of droplet on the high-speed liquid droplet impingement is investigated. It has been 
reported that the maximum erosion rate becomes large as the droplet impingement velocity and diameter increase. Therefore, 
the droplet impingement velocity and droplet diameter are the main flow factors of a high-speed liquid droplet impingement 
erosion. In addition, when a droplets impinges on the material surface, it is considered that the droplet does not have a perfect 
sphere shape. Thus, the effect of shape of droplets which impinge on a material surface is also thought of the factor of liquid 
droplet impingement erosion. To investigate the influence of droplet impingement velocity, droplet diameter and droplet shape 
on a high-speed liquid droplet impingement, the simulation of vertical droplet impingement on the flat material surface is 
performed with variation of the droplet impingement velocity and droplet diameter, and the influence of the droplet 
impingement velocity, drop diameter and droplet shape is discussed by the maximum pressure in fluid and maximum 
equivalent stress. As results, the maximum pressure and maximum equivalent increase linearly to the droplet impingement 
velocity but do not change for droplet diameter. In addition, when a droplet impinges on a material surface with the droplet 
shape which has the large the radius of curvature to droplet impingement surface, the maximum pressure and maximum 
equivalent increase as compared with the spherical droplet.  
Next in the actual fluid machineries like steam turbines or steam pipe lines, many droplets exist and impinge on material 
surfaces constantly, therefore, it is thought that the humidity and liquid thin film may exist there. In addition, when the 
experimental method of water jet or spray is also used as the experiment of liquid droplet impingement, the liquid film seems 
to exist on material surfaces because of the surface exposed on water continuously. Therefore, the numerical analysis of droplet 
impingement on wet surface is performed by the present numerical method and the influence of existence liquid film in 
high-speed liquid droplet impingement is evaluated. To investigate the effect of liquid film of a material surface on a 
high-speed liquid droplet impingement, the simulation of vertical droplet impingement on a liquid film on flat material surface 
is performed with various droplet impingement velocity, drop diameter and thickness of liquid film. Where, in the droplet 
impingement under liquid film existence on a material surface, the damping effect of liquid film on the maximum equivalent 
stress is shown. Moreover this damping effect of liquid film is not constant but variable in the flow condition.  
Thirdly, in the fluid machineries which cause erosions by droplet impingement, it is thought that this surface is not 
completely smooth surface by the advance of the erosion by repeated droplet impingements. The erosion processes advance as 
the incubation, accumulation, attenuation and steady-state with time progress. This variation of erosion processes is thought the 
influence of the roughness on material surfaces. In addition, material surfaces are not generally smooth and there is something 
roughness on material surfaces depending on processing accuracy. Therefore, the numerical analysis of droplet impingement 
on rough surface is performed. To investigate the effect of roughness of a material surface on a high-speed liquid droplet 
impingement, the simulation of vertical droplet impingement on a rough material surface with pit, wedge and bump is 
performed with the offset of impingement point. As results, in these three shapes of material surfaces, the maximum pressure 
and maximum equivalent stress increase as compared with those of the flat surface. In addition, the rise of maximum pressure 
and maximum equivalent stress depends on the offset from shape center to impingement point.  
Finally, the influence of cavitation bubble during a droplet impingement is investigated. It has been known that the cavitation 
bubble occur in a droplet inner by a high-speed liquid droplet impingement. Generally, it is known that the collapse pressure of 
cavitation bubbles is extremely high, which causes damages to fluid machinery. However, it is not sure in detail how the 
collapse of this cavitation bubble during a droplet impingement affects the material. Therefore, due to taking account for the 
effect of this cavitation bubble during high-speed liquid droplet impingement, the numerical analysis of droplet impingement 
on dry and flat surface is performed with various droplet impingement velocity and droplet shape and the numerical analysis of 
droplet impingement on wet surface is performed. As results, it is confirmed that that the cavitation bubbles occur in the top of 
droplet and between the droplet interface and a material surface. From the difference in collapse position of cavitation bubbles, 
the collapse of cavitation bubble in the top of droplet has little effect on the equivalent stress of material but the collapse of 
cavitation bubble in a material surface may have an effect on the material by a flow condition. When the droplet impingement 
velocity increases, the collapse pressures of cavitation bubbles also rise. This rise of collapse pressure is non-linearly with 
variation of impingement velocity unlike the case of water hammer pressure. When the droplet of oblate spheroid impinges on 
a material surface, the collapse pressure of cavitation bubble is much higher than that of sphere. Therefore, since the difference 
in the curvature radius of the droplet on an impingement surface has large effects on the collapse behavior of cavitation bubble 
during a droplet impingement, the shape of droplets may also cause the variation of erosion rate in high-speed liquid droplet 
impingement. To assume a droplet impingement occurring such as the actual last stage blade of steam turbine, the simulations 
of much high-speed droplet impingement with various temperatures and on a material surface with liquid film are conducted. 
Regarding temperatures change, due to the increment of temperature, the collapse pressure of cavitation bubbles in a liquid 
droplet impingement is decreased but the number of repeated stress by collapse of cavitation bubble is increased. Regarding the 
influence of the liquid film, the presence of liquid film on material surface does not only necessarily decrease the damage of 
material but also it is shown in the possibility that in the case of a high-speed liquid droplet impingement such as occurring in 
steam turbine the damage of materials may increase.  
According to the existing studies, it is shown that the erosion rate which is obtained by experiments increases proportional to 
4～8th power of droplet impingement velocity. In this present numerical analysis, the relationship between maximum 
equivalent stress and droplet impingement velocity cannot show this relationship of existing studies. Thus, the “impingement 
effect volume” is newly defined and the material impinged by droplet is evaluated by using the impingement effect volume. As 
results, the impingement effect volume increases proportional to 4.8th power of droplet impingement velocity and to 3.0th 
power of droplet diameter in the case of droplet impingement on the dry and flat surface. Moreover, in the case of droplet 
impingement on a wet surface, the power indices of relationship between impingement effect volume and droplet impingement 
velocity or between droplet diameter increases, on the other hand, in the case of rough surface, those power indices decrease. 
These values roughly agree with those of existing experimental results. Therefore, it is assumed that this method of using the 
impingement effect volume may become the method which expresses the dependence of liquid droplet impingement erosion 
on the droplet impingement velocity and droplet diameter. 
